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(1): IBM Research – Ireland, IBM Technology Campus Dublin 15, Ireland
(2): Rensselaer Polytechnic Institute, 110 8th Street, Troy, NY 12180, USA 
(3): The Fund For Lake George, 2199 State Route 9, Lake George, NY 12845, USA
(4): IBM Research – Watson, 1101 Kitchawan Road, Yorktown Heights, NY 10598, USA 
The Jefferson Project is a collaboration between Rensselaer Polytechnic Institute, IBM, and the
FUND for Lake George  aimed at  understanding  and managing complex  factors  (road  salt,
storm water runoff, invasive species) threatening Lake George, New York. The lake is located
about 80 km north of Albany in upstate New York and is known internationally for its water
clarity.  In  order  to  create  and  maintain  a  research  and  monitoring  program  for  the  early
detection of and response to adverse environmental and biological change, it is of fundamental
importance to develop a detailed understanding of the hydrodynamics of the lake. In this work
the  first  steps  to  achieve  this  goal  are  undertaken.  A 3D circulation  model  of  the  lake  is
developed to better understand the hydro-environmental conditions of the lake; forcing is by a
combination of local public survey data for the water budget and atmospheric data from the
NWS (NOAA National Weather Service). The model is validated by a combination of water
chemistry data collected by Renssenlaer's Darrin Fresh Water Institute (DFWI) over the last
three decades,  and known empirical  relationships of the lake's  structural  profile.  Numerical
simulations were  run over several  years  to capture the seasonal  progression of thermocline
depth throughout the lake and the timing of the spring and autumn turnover events.
INTRODUCTION 
The Jefferson  Project  at  Lake  George,  NY,  is  a  three  year  research  collaboration  between
Rensselaer Polytechnic Institute, The Fund For Lake George, and IBM that started in January
2014. In conjunction with Rensselaer's Darrin Fresh Water Institute, The Fund for Lake George
has recently published a 30 Year Study (30YS) of Lake George water quality that has indicated
degradation in several  areas  largely due to anthropogenic effects  (Boylen  at al.  [1]). These
include significant increases in NaCl levels, phytoplankton and multiple invasive species, and
significant decreases of water clarity. The goal of the project is to build and deploy advanced
computational modeling approaches spanning both the physical and biological domains (i.e.,
weather,  hydrology,  hydrodynamics,  and  food  web)  and  couple  them  with  an  advanced
intelligent cyber-infrastructure. The resulting Cyber Physical System (CPS) aims at providing a
better understanding of complex environmental factors affecting the lake. In this work a 3D
hydrodynamics  model,  one  of  the  lake’s  CPS  components,  is  built  and  developed,  and
calibrated  with  the  physical  data  of  the  30YS.  Validation  is  by  qualitative  rather  than
quantitative means, assessing the ability of the 3D model to replicate the expected seasonal
progressions of stratification and mixing of the water column. This is done by seeking evidence
and  patterns  in  the  thermal  data  of  the  30YS  and  comparing  them  to  the  corresponding
simulation data.  Independent  simulations were  performed for  each  year  from 2007 through
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2009,  when  physical  data  measurements  of  the  30YS  were  most  frequent.  This  work  is
organised as follows: in the Background other similar lake works are introduced together with
classification of Lake George and the consequent explanation of its physical behavior in terms
of mixing and stratification of the water column; in Numerical Experiments and Set Up the
model adopted, together with the bathymetry, model forcing, and details of the simulations are
introduced; the Discussion section qualitatively compares the results of the simulations with the
expected patterns; in Conclusion highlights of future work are discussed.
BACKGROUND
Lakes  and  their  watersheds  can  be  found  throughout  the  world  with  a  prevalence  in  the
Northern Hemisphere and at high altitudes, containing 90% of the available freshwater in the
world (Wetzel [2]). Their ecosystems provide an important habitat for both human communities
and nature making the case for the deployment of advanced monitoring and forecasting systems
in order to aid the management of toxic contaminants and nutrient enrichment. Since flow and
current patterns are the drivers of the biogeophysical characteristics of lakes the deployment of
hydrodynamical tools (both in terms of analytic and sensor arrays) becomes a key component of
such systems. Moreover, given the equal importance of the advection and mixing phenomena in
lakes, as compared to rivers for example, tools that monitor and forecast 3-dimensional currents
are of fundamental importance. 
Some of  the factors that control the hydrodynamics of a lake include morphometry, inflows
and  outflows,  the  hydraulic  residence  time,  atmospheric  forcing  terms  and  the  density
stratification due to temperature. Most of those, together with water quality, also drive different
classification approaches.  The one that  is  adopted in this study is the one that is driven by
density stratification due to temperature (Wetzel [2] and Hutchinson et al. [3]). According to
that Lake George can be classified as a dimictic lake - a temperate lake of moderate depth.
Consequently,  the water column of Lake George follows the dimictic pattern of two annual
turnover events,  the spring and the autumn turnover. 
By late winter, water temperature just beneath the ice is near 0 C and increases with depth to a
maximum value at the bottom, corresponding with a density at the bottom that is less than the
maximum density of water at that depth. The water column is stable at this time, with density
increasing monotonically with depth. After ice melt in spring, increasing insolation eventually
heats the surface water to a value approaching 3.98 C, which corresponds to the maximum
density of water at atmospheric pressure. The density of the surface layer being greater than the
density of water below, the water column becomes mechanically unstable, and at some point a
mixing event  occurs  wherein  the  surface  water  falls  to  the  bottom of  the  lake,  thoroughly
mixing  the  entire  water  column.  This  is  the  spring  turnover,  and  results  in  an  isothermal
temperature profile throughout the water column.  
As the summer heating increases the temperature of the surface layer, the interaction of surface
turbulence driven by winds and variation of viscosity (a function of temperature) with depth
creates a relatively sharp gradient  of temperature with depth just  beneath the surface.   The
corresponding density gradient  creates  a  barrier  to  exchange of  heat,  mass  and momentum
between the surface and the deeper water layers. The surface layer is called the epilimnion, the
deep layers the hypolimnion, and the transition zone where the temperature gradient is greatest
is  called  the  metalimnion,  with  the  water  column now being  termed stratified.  As  surface
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heating  progresses,  the  depth  of  the  metalimnion  deepens  and  the  temperature  of  the
hypolimnion also continues increasing to a maximum value reached in early autumn, with the
corresponding density at the bottom of the lake substantially less than the maximum. 
By  late  summer  the  lake  begins  to  cool  first  from  evaporation,  augmented  by  declining
insolation and increasing radiative heat loss to the atmosphere. As cooling accelerates during
autumn, the temperature  of the surface water  declines  and the density increases,  eventually
destabilizing  the  water  column.  Once  the  density  of  the  epilimnion  exceeds  that  of  the
hypolimnion, another  turnover even occurs,  again  thoroughly mixing the water  column and
resulting in an isothermal temperature profile with depth. Continued cooling usually results in
formation of surface ice cover, with the surface water near 0 C and the deeper waters slightly
warmer with depth, returning the water column to a state similar to that of the preceding winter.
To the knowledge of the authors of this work there does not seem to be any hydrodynamic
studies  of  Lake  George  that  appeared  in  peer  review  papers  or  conferences.  However,
hydrodynamic modelling has been applied to other lakes and those works constitute a reference
and benchmark for this study, for example Ji [4], Zhang et al. [5], Chen et al. [6], Wang et al.
[7] and Koygit et al. [8]. Similar motivations to the Jefferson Project induced the development
of hydrodynamical model of  Lake Champlain (Hunkins et al. [9]) in order to study vertical
oscillations of the summer thermocline. The type of model developed there is restricted to a
one/two layer  forced shallow equations and it does not encompass the full morphometry of
Lake Chaplain, excluding the shallow depth part of the lake. 
The 30 Year Study
On his visit  during the spring of 1791, the stunning natural  beauty and exceptionally clear
waters of Lake George led Thomas Jefferson to declare it the most beautiful he had ever seen.
These aesthetic values remain largely intact, providing the basis for a nearly $1 billion annual
local tourism economy. Yet development of this economy has had environmental consequences,
raising concerns regarding the ecological integrity of the lake, especially over the last 50 years.
The most serious include eutrophication from wastewater, the toxicity of pesticide residues on
the lake’s  fish and other  biota,  acidification from atmospheric  pollutants,  salt  accumulation
from road de-icing in winter, and the effects of invasive species, introduced inadvertently or
deliberately in the case of several fish species. Acidification from atmospheric deposition of
sulfur and nitrogen oxides produced by coal-fired power plants threatened lakes throughout the
northeastern United States and southeastern Canada, Lake George included. These concerns
have prompted sustained scientific efforts to understand their effects,  including an extensive
monitoring  program  initiated  in  1980.  This  included  sampling  of  chemical  and  physical
parameters concerning the lakes and its species collected at a number of station over the lake
from the early spring to the late autumn. For the purpose of this work only the temperature and
the stream flow data were included.
NUMERICAL EXPERIMENTS AND SET UP
Model Set Up
The  model  used  for  this  study  is  Environmental  Fluid  Dynamics  Code  (EFDC),  a  three-
dimensional finite difference hydrodynamic model (Hamrick [10]). EFDC is a general-purpose
modelling  package  for  simulating  three-dimensional  flow,  transport  and  biogeochemical
processes  in  surface  water  systems.  It  solves  the  vertically  hydrostatic  momentum  and
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continuity equations in a coordinate system that is curvilinear and orthogonal in the horizontal
and sigma-stretched, or terrain-following in the vertical. Three dimensional transport equations
for temperature, salinity, dye tracer and suspended sediment can also be solved simultaneously
in EFDC. The Mellor Yamada second-order turbulence closure model is solved to provide the
vertical turbulent viscosity in the model. Horizontal diffusion is calculated via the Smagorinsky
formula.  The  computational  scheme  uses  a  second-order  accurate,  three  time  level  finite
difference scheme with an internal-external mode splitting procedure to separate the internal
shear  or  baroclinic  mode  from the  external  free  surface  gravity  wave.  The  external  mode
solution uses a semi-implicit scheme to allow large time steps constrained only by the stability
criteria of the explicit central difference or upwind advection scheme used for the nonlinear
accelerations. Time splitting inherent in the three-time-level scheme is controlled by a periodic
insertion of a two-time-level step. EFDC has been applied to a wide range of environmental
studies  including  environmental  impact  assessment  studies,  salinity  transport,  suspended
sediment transport, larval transport and hydrothermal responses.
Bathymetric data of the lake were obtained from a topographical surveying program conducted
as part of the 30YS. The data consisted of relatively sparsely distributed 564 measurements
with a further 369 land measurements providing information on the surrounding topography.
The data were interpolated onto a finite difference mesh with grid spaced at circa 100m x 200m
interval with 20 sigma layers in the vertical. Several interpolation techniques were investigated
with the final dataset chosen based on a combination of fidelity to original data and a numerical
constraint that limits the maximum allowable bathymetry differential from cell to cell.  A well
known criterion in sigma coordinate models is used to avoid introducing errors in the pressure
gradient formulation, bounding the constraint rx0<0.4  (Beckam et al. [11]), where rx0 is:
Based on the defined criteria, linear interpolation was used to extend from the measured points
to a continuous grid.
Forcing
The major objective of this study is to reproduce the hydrodynamic and thermal mixing features
of the lake. Appropriate forcing functions are critical for replicating these observed physics.
The model forcing information consists of  freshwater  inflows, surface  wind stress  and heat
fluxes, precipitation and evapotranspiration, air pressure and geothermal bed heating.
The major tributaries that have been included in the model are West, English, Finkle, Indian,
Northwest Bay, Hague and Shelvin Brook.  These streams are believed to account for circa 50-
60% of the water budget to the lake, while the remaining 100 plus tributaries have comparably
insignificant  hydrological  loading.  The  lake's  outlet  is  at  its  northern  end  and  discharges
through the LaChute  River  into Lake Champlain.  Since October  1941, the U.S. Geological
Survey has operated a stream gaging station at the outlet of Lake George at Ticonderoga. The
discharge from the lake was regulated by the power plant wheel gate and flood gates upstream
from the gaging station. Rather than prescribing the measured discharges at the outlet, flows are
computed using the principle of water mass balances of the lake involving net flows into the
lake (from freshwater and precipitation) and the rate of change of the lake level.
r x0=
(h(i+1, j )−h(i , j ))
(h(i+1, j )+h(i , j ))
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Typically, air temperature and solar radiation are the most important influence on lake current
structure at annual periods, while wind stress is the principal driving force for lake motions over
shorter time periods. Atmospheric data for the study were extracted from the North American
Regional  Reanalysis  (NARR)  dataset  at  the  grid  point  closest  to  the  centre  of  the  lake
(43.503°N, 73.713°W). Since NARR has an horizontal resolution of 32 km only the 43.503°N-
73.713°W data point could be considered.
Heat  exchanges  between  the  atmosphere  and  water  are  largely  transferred  by  radiative
processes. These consists of shortwave radiation from the sun, long wave radiation emitted by
the  atmosphere  and  the  water  column,  and  turbulent  heat  transfers  due  to  the  temperature
difference  between the water  and  atmosphere.  Heating of  the  water  column was computed
based  on  specified  surface  data  incorporating  air  temperature,  shortwave  solar  radiation,
fractional cloud cover, relative humidity, evaporation rate and atmospheric pressure.
Temperature calibration involved the adjustment of surface heat exchange parameters including
wind speed reduction by wind sheltering and wind speed dependent latent and sensible heat
transfer coefficients, as well as the solar short wave radiation adsorption rate with depth over
the  water  column.  The  surface  energy  exchanges  dominate  thermal  stratification  in  lakes,
however, for shallow and transparent water bodies, the heat-exchange with the underlying bed
may also play an important role in the heat  budget.  Bed heat  flux varies with the seasonal
changes of water temperature. Heat energy flows from the water to the bed during the summer
and early autumn and then back into the water during the winter. The magnitude of the heat flux
primarily depends  on the  seasonal  temperature  range  of  the water  column and the thermal
properties  of  the  sediment  bed.  Typical  values  for  these  parameters  are  annual  mean  air
temperature and 7x10-8 W/m2  respectively (Ji [6]).
Three year of simulations were computed incorporating the period 2007 -2009. Each simulation
year  proceeded  independently with  the  model  initialized  with measured  data  for  that  year.
Hence  simulation  start  time depended  on  the  sampling  study commencement  date  for  that
particular year, which was directly linked to ice-off conditions for the lake. Model parameters
were calibrated using 2007 data with model performance validated using subsequent 2008 and
2009 data.
DISCUSSION
Assessment from data
The  scope  of  this  analysis  is  to  look  for  evidence  and  patterns  in  the  30YS  data  of  the
themoclinic mixing and stratification as described in the Background section. The temperature
data for 2007, 2008 and 2009 are spatially averaged in order to derive a single spatial value for
each depth layer that is measured by the vertical profilers. The data are then plotted in Figure 1. 
Without any complex statistical analysis it is visually obvious that the variance of the spatially
averaged temperature with respect to depth follows a pattern of minimal values in the early
spring, a positive gradient until the late summer, and a decreasing gradient towards the Autumn.
This shows evidence of the expected physical behavior of a dimictic lake previously described
in the Background section. However,  the frequency of the sampling regime of the 30YS (at
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biweekly or monthly rates) is not sufficient for the investigation of more temporally localised
trends that are important for a proper thermoclinic assessment.
Assessment from the numerical runs
A proper statistical comparison in order to properly validate the model set up is not feasible
given the sparsity that characterizes the 30YS. However, preliminary conclusions based on  an
analysis  of  qualitative  measures  can  be  used  to  investigate  how well  EFDC replicates  the
expected thermoclinic behavior. Similarly to the session above the simulated water temperature
data for 2007, 2008 and 2009 are spatially averaged in order to derive a single spatial value for
each sigma layer. Based on qualitative analysis of Figure 2  it can be concluded:
1. The behavior of the variance (considered similarly as in the Assessment from data
subsection) of EFDC data shows a trend that suggests that the model replicates the
expected  thermoclinic  behavior.  Despite  the  nonlinearity  that  characterises  the
variance pattern in Figure 2, a trend emerges of variance increasing in magnitude when
approaching  the  summer  and  decreasing  in  magnitude  when  steering  towards  the
second half of the year. The behavior of the 2007 and 2008 runs is similar and it is not
shown for lack of space.
2. A  qualitative  analysis  of  the  patterns  in  Figure  2  helps  to  explain  the  nonlinear
behavior of EFDC variance. In addition to a seasonal behavior of two turnovers there
exists  a  more  temporally  localised  behavior  that  is  highly  correlated  with  air
temperature.  The forcing of air temperature induces temporally localised mixing of
 Figure 1:  30YS temperature profiles (depth by meter)
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fractions of the water column that are unfortunately not evident from the sensor data,
given their sparsity in the proximity of those.
CONCLUSION
In this work a 3D hydrodynamic model is built and deployed for Lake George, NY. Model skill
is primarily constrained by the relatively sparsely distributed bathymetric measurements and
atmospheric  forcing  data  derived  from  a  coarse  resolution  32km  grid  dataset.  Model
performance is qualitatively assessed in its ability to reproduce the physical  behavior of the
vertical mixing and stratification of the water column over the year, comparing the results with
the expected behavior of the lake according to its classification and a set of water temperature
data that were collected during the 30 Years Study. This is the first step of the deployment of a
Cyber Physical System on Lake George, for the management and monitoring of its environment
and it shows how this can be achieved by the proper combination of sensor measurements and
computational models. Subsequent efforts will focus on high resolution bathymetric surveying,
installation of a suite of atmospheric monitoring stations, and the deployment of a range of
sensors continuously monitoring the physical and chemical characteristics of the lake.
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Figure 2: plots  of 30YS temperature data,  EFDC temperature outputs,  air temperature (black line) and variance of
EFDC (dashed line) for 2009 (depth by meter)
